Escherichia coli O157 infections are the cause of sporadic or epidemic cases of often bloody diarrhea that can progress to hemolytic uremic syndrome (HUS), a systematic microvascular syndrome with predominately renal and neurological complications. HUS is responsible for most deaths associated with E. coli O157 infection. From March 2002 to February 2004, approximately 13,000 fecal pat samples from 481 farms with finishing/ store cattle throughout Scotland were examined for the presence of E. coli O157. A total of 441 fecal pats from 91 farms tested positive for E. coli O157. From the positive samples, a point estimate for high-level shedders was identified using mixture distribution analysis on counts of E. coli O157. Models were developed based on the confidence interval surrounding this point estimate (high-level shedder, greater than 10 3 or greater than 10 4 CFU g ؊1 feces). The mean prevalence on high-level-shedding farms was higher than that on low-levelshedding farms. The presence of a high-level shedder on a farm was found to be associated with a high proportion of low-level shedding, consistent with the possibility of a higher level of transmission. Analysis of risk factors associated with the presence of a high-level shedder on a farm suggested the importance of the pathogen and individual host rather than the farm environment. The proportion of high-level shedders of phage 21/28 was higher than expected by chance. Management-related risk factors that were identified included the type of cattle (female breeding cattle) and cattle stress (movement and weaning), as opposed to environmental factors, such as water supply and feed.
Verocytotoxin-producing Escherichia coli (VTEC), such as E. coli O157, is an important zoonotic agent with worldwide distribution. E. coli O157 may cause sporadic or epidemic cases of often bloody diarrhea that can progress to hemorrhagic colitis, thrombotic thrombocytopenic purpura, and hemolytic uremic syndrome (HUS) (21) . HUS is a systematic microvascular syndrome that is initiated by secreted shiga toxins, with predominately renal and neurological complications, which are responsible for most deaths associated with E. coli O157 infection, particularly among elderly patients (22) . Infection with E. coli O157 is a leading cause of acute renal failure in children (8) . The incidence of E. coli O157 infection in Scotland is substantially higher than elsewhere in Great Britain (28) and abroad. Data from 2004 surveillance programs in Great Britain and the Republic of Ireland (Health Protection Surveillance Centre) have estimated the rate of infection per 100,000 population as 4.1, 1.35, 1.1, and 1.6 for Scotland, England and Wales, Northern Ireland, and the Republic of Ireland, respectively (28) . Estimates from the U.S. FoodNet program are 0.9 per 100,000 population for 2004 (3) .
Healthy cattle shed E. coli O157 in their feces (9, 17, 35) , and this pathogen is present in most cattle operations (48) . Cattle are the main reservoir host for E. coli O157 and other VTEC in the developed world (1) and play a significant role in the epidemiology of human infections (13) . Outbreaks are attributed to consumption of contaminated food and water, animal contact, and person-to-person transmission (51) . However, case control studies of sporadic infections, which account for the majority of cases of E. coli O157 infection in Scotland, have indicated direct contact with animals, their feces, and/or the farming environment as important risk factors (29, 40, 53) . In addition, spatial analyses of the distribution of human cases have also identified an association between human infections and areas of high cattle density (20, 24, 36) , providing further evidence of the risks associated with the farming environment. As such, considerable effort has been taken to determine the prevalence of E. coli O157 in cattle and identify possible risk factors for carriage. In the past decade, there have been two surveys conducted in Scotland to determine the prevalence and epidemiology of E. coli O157. The first study, funded by The Scottish Executive Environment and Rural Affairs Department (SEERAD), was conducted from March 1998 to May 2000 (14) and involved 952 farms throughout Scotland. This remains the largest prevalence study for VTEC O157 ever carried out. The second survey, funded by the Wellcome Foundation International Partnership Research Award in Veterinary Epidemiology, is the source of data for this study.
Persistence and spreading of E. coli O157 within farms can be influenced by the duration, prevalence, and magnitude of shedding by individual animals and by bacterial survival and growth in the farm environment (4) . Fecal shedding in individual cattle is transient (50) , and E. coli O157 prevalence is known to have a highly skewed distribution (14) , with the majority of cattle groups testing negative for the pathogen but a small proportion of animals shedding high numbers of E. coli O157.
In a recent publication, Matthews et al. (33) showed that the prevalence distribution of E. coli O157 is best explained when a small proportion of cattle are assumed to have much higher transmission rates than the others. These animals have been referred to as high-level shedders or "super shedders." Several other recent studies have suggested that some cattle may be high-level shedders of E. coli O157-that is, they harbor and shed the organism at much higher levels than other individuals (7, 30, 42) . However, there appears to be no agreement in the literature as to the definition of a high-level shedder. High shedding has been defined as counts of E. coli that are Ն10
(30) or Ն10
4 CFU g Ϫ1 feces (37, 42, 41) . In a recent study, Low et al. (30) found two subpopulations of animals-low-level shedders and high-level shedders, which were categorized by whether the E. coli levels were below or above 10 3 CFU g Ϫ1 feces, respectively. Low et al. (30) highlighted the possible importance of these high-level shedders to the epidemiology of E. coli O157 by establishing that the presence of high-level shedding is associated with a higher mean prevalence of lowlevel carriage on the farm, suggesting a higher transmission rate for high-level shedders. The occurrence of higher transmission rates was supported by mathematical models developed by Matthews et al. (32) , who observed that a minority of high-level-shedding individuals were potentially responsible for most of the transmission, a common pattern observed in a variety of disease systems (55) . Hence, significant reductions may be made by targeting the small portion of the population excreting large levels of E. coli O157, i.e., the high-level shedders (32) . Therefore, the identification of risk factors influencing the presence of a high-level shedder are important to the development of interventions aimed at the prevention of high bacterial shedding and ultimately the development of an effective control strategy to reduce human disease resulting from E. coli O157 infections. The aim of this study was to identify farm-level risk factors for the presence of high-level shedders.
MATERIALS AND METHODS

Sampling design. Between March 2002 and February 2004
, 481 farms were visited throughout Scotland as part of a cross-sectional survey to determine the prevalence of E. coli O157. These farms had been sampled previously for an earlier study commissioned by the SEERAD (March 1998 to May 2000), a larger survey involving 952 farms (14) . The original farms were randomly selected from a list of 3,111 farms provided from the 1997 Scottish Agricultural and Horticultural Census data across all Scottish State Veterinary Service animal health divisions.
A stratified sampling plan was used to select farms to ensure that similar numbers were included from each region and that regions were sampled evenly over time. Cattle groups composed only of store (i.e., weaned cattle kept over winter on maintenance rations before finishing for slaughter) or finishing cattle closest to sale or slaughter were preferentially sampled. If such groups did not exist, one or more mixed groups with store or finishing cattle closest to sale or slaughter were sampled. From each group, fresh fecal pats were sampled. The number of fecal pats sampled in each group was determined from the number of cattle in the group, using a prescribed sampling schedule. It was assumed that, on average, 8% of the animals in positive groups would be shedding, with shedding distributed as seen in an earlier study commissioned by SEERAD (14) . For each group, sufficient fresh pat samples were taken to ensure a mean 90% probability of detecting shedding of E. coli O157 if at least one shedding animal was indeed present. The size of the sample group on a farm was variable, ranging from 5 to 80 cattle with a median size of 27. Fecal samples were refrigerated at 5°C. The majority were refrigerated within 2 h of sampling, while a small number were held at ambient temperature before freezing on the day after sample collection. Laboratory analysis. Within 48 h, fecal samples were examined by immunomagnetic separation (IMS) to detect the presence of E. coli O157 as described previously (44) . Following IMS, one E. coli O157 isolate from each fecal sample was submitted to the Scottish E. coli O157 Reference Laboratory for phage typing (23) and tested for the presence of genes encoding the virulence factors verocytotoxin 1 (vtx 1 ), verocytotoxin 2 (vtx 2 ), and intimin (eae) using multiplex PCR (34, 52) . Counts of E. coli O157 were estimated using the method described previously (44) . One gram of feces from each E. coli O157-positive sample was suspended in 9 ml of maximum recovery diluent (Oxoid Ltd., Basingstoke, United Kingdom) and 0.1 ml of suspension spread onto each of two CT-SMAC plates. Plates were incubated at 42°C for 24 h. All typical non-sorbitol-fermenting colonies were counted, and a maximum of 10 such colonies were tested using anti-E. coli O157-coated latex reagent (Oxoid, Ltd.). The limit of accurate enumeration using this method was 100 CFU g Ϫ1 feces (44) . Farm management questionnaire. At the time of each farm visit, a farm management questionnaire was completed. The majority of questionnaires were administered by either of two operators. A detailed validation procedure was undertaken to validate the questionnaire and eliminate operator bias. Farm personnel were asked questions on cattle demography, health management practices, movement of animals, wildlife present, feed, and water supply. The questions were primarily closed, with a list of responses provided, although some questions offered the chance to respond as "other, please specify." A copy of the questionnaire is available upon request from the lead author.
Statistical analysis. (i) Mixture distribution analysis. High-level shedders were identified from the data using mixture distribution analysis. A mixture distribution is a composite of different statistical distributions arising from sampling a heterogeneous population, where it is not known a priori to which subpopulation any observation should be assigned. Similar methods have been used previously to identify high-level shedders in the classification used by Low et al. (30) . MIX (Ichthus Data Systems, Hamilton, Ontario, Canada), implemented as package mixdist (5) for the R environment (47) , was used to fit bimodal distributions to the E. coli O157 data and hence identify the high-level shedders within the population. Because the data ranged over several orders of magnitude, they were grouped into categories on a log 10 scale. False negatives are relatively frequent when the true mean is less than 10 2 CFU g Ϫ1 , so observations below this threshold (which would represent low-level carriage) were excluded to avoid biasing the fitting procedure. Parameters of the mixture distribution (mean, standard deviation, and proportion) were calculated as maximum-likelihood estimates using a combination of the expectation-maximization (EM) algorithm and Newton-type methods. Models were fitted assuming two normal components, two gamma components, a normal component with a twoparameter gamma, and a normal component with a three-parameter gamma. The current release of the mixdist package does not fit normal/gamma mixtures; this was done with a special-purpose R function available from the authors.
The goodness of fit of all models was assessed. The normal/three-parameter gamma model gave rise to the best fit, but it was not statistically significantly better than the fit from the other models. The fit of all of the models was acceptable, so the normal/normal was preferred as making fewer assumptions about the properties of the data, since there is no extensive data set available to test such assumptions.
The point at which an observation would be classed a posteriori as equally likely to have arisen from either subpopulation, given no prior belief about the relative numbers in the subpopulations, was chosen as the point estimate of the threshold defining high-level shedders. As a measure of the variability of the estimate, 95% confidence estimates were generated for the threshold. Using the computer parameter estimates and their variance-covariance matrix and assuming joint asymptotic normality of the maximum-likelihood estimates, a distribu-VOL. 45, 2007 RISK FACTORS FOR HIGH-LEVEL E. COLI O157 SHEDDERStion of thresholds was generated by repeated simulation of pseudoestimates of the parameters from a multivariate normal distribution and calculation of the associated pseudothresholds. The 2.5% and 97.5% points of the resulting distribution were used to define a confidence interval (CI) for the estimated threshold. These 95% confidence estimates were used as the basis of all subsequent statistical analyses.
(ii) Single-variate and multiple-variate analysis. Univariate analysis on the virulence factors, phage type, and management categorical variables was performed using either the chi-square test or Fisher's exact test, as appropriate. StatXact v.5 (Cytel Software Corp., Cambridge, MA) was used to evaluate the significance of contingency tables. Analysis of the continuous variables (e.g., total number of cattle) was performed using either analysis of variance or MannWhitney test, depending on the structure of the data. Prior to analysis, it was specified that results with P values of Ͻ0.05 would be reported as exhibiting formal statistical significance.
Analyses using multiple explanatory variates were performed using generalized linear mixed models (GLMM) (Proc Glimmix SAS, version 9.3.1; SAS Institute Inc., Cary, NC) and generalized linear models (GLMs) (Proc Logistic/ Proc Genmod SAS, version 9.3.1) to (i) examine the hypothesis regarding the presence of a high-level shedder as a risk factor for the observation of low shedders (30) and (ii) examine the associations between the presence of high levels of E. coli O157 in feces and management practices, conditional on shedding being present on the farm. Only positive farms were used in the multiple variable analyses.
A GLMM assuming a binomial response term and a logit link was fitted to describe the number of low shedders relative to the number of non-high-level shedders. The presence of at least one high-level shedder was fitted as a risk factor (coded 0 versus 1 for presence/absence). Hence, any direct relationship between response and explanatory variable was removed. The farm was fitted as the sole random effect to model overdispersion in the data. The presence of a high-level shedder was fitted as a fixed effect.
Associations between the observation of E. coli O157 in feces and management practices were determined using GLMs assuming a binomial response and a logit link. The response variate was a binary variable corresponding to the presence or absence of a high-level shedder on each farm. Prior to building the model, univariate associations between E. coli O157 and each of the management variables were performed as a screening step. Factors that were associated significantly with the outcome variable with a P value of Յ0.25 were considered for further analysis. These were included as candidate variables in a logisticregression model (Proc Logistic/Proc Genmod SAS, version 9.3.1). Three factors had a prevalence of zero in at least one category and could not be analyzed in the logistic-regression model because of the resulting failure to fit. These factors were calving, spring calving, and spreading of human sewage. The factors calving and spring calving were identified as exhibiting statistically significant effects by Fisher's exact test (P ϭ 0.02 and P ϭ 0.001, respectively), where the probability of observing a high-shedding animal was higher with either of these factors present. The variable "calve-month" was created to examine the intensity of calving. One factor category had to be removed from each of the following factors as a result of insufficient data in the category: sample year, interviewer, management type, and type of spread. None of these factors was significant in the final models. Region and season were forced into the model as design factors. Seasons were defined as winter, comprising December, January, and February; spring, comprising March, April, and May; summer, comprising June, July, and August; and autumn, comprising September, October, and November. Three regions were defined: 1 ϭ North Scotland (including Highlands, Islands, and North East); 2 ϭ Central Scotland; 3 ϭ South Scotland. A hierarchical forward selection and a backward elimination approach with swapping (reassessment of previously included or excluded variables) were used. The change in the deviance of the model was monitored as an indicator of the improved fit of a model. Variables were added and removed based on significant improvement in the mean deviance after changes to the model. Two-way interactions were also tested in this manner. For the final model, the Hosmer-Lemeshow goodness-of-fit statistic was computed (19) .
To check for multicollinearity between factors in the final model, correlations were examined for binary and nominal variables. In addition, the stability of the model was checked by systematic removal of variables. Diagnostics were performed and plots of residuals were examined, confirming the goodness of fit of the model. Odds ratios and their associated 95% CIs were estimated in the final logistic model for factors statistically significantly associated with the presence of E. coli O157-high-shedding animals.
RESULTS
Mixture distribution analysis. The concentration of E. coli O157 in fecal pats varied both within and among farms. Counts ranged from Ͻ100 to Ͼ36 ϫ 10 6 CFU g Ϫ1 , with the majority of farms (74%) only being detected by IMS as a result of having individual concentrations of Ͻ100 CFU g Ϫ1 , the limit of accurate enumeration (44) . Since the majority of the data (74%) were below the limit of accurate counting, these values had to be set completely inside the first subpopulation of the mixture distribution. Since the means and standard deviations for the first component would not be reliable in this situation, such observations were removed from the analyses and MIX was run with the remaining data. Figure 1 illustrates the fit of the preferred model to the observed data. The parameters mean, standard deviation, and population proportion of the first and second subpopulations of the distribution are as follows: subpopulation 1, 2.808, 0.374, and 0.675; subpopulation 2, 4.613, 0.842, and 0.325. The estimated threshold for a high-level shedder was chosen as the point of overlap of the two unscaled distributions, approximately 3,135 CFU g Ϫ1 . Note that this does not match the value which might be inferred from Fig. 1 , where the components are scaled relative to the sizes of the observed populations. define high-shedding model I and high-shedding model II. For analysis, a farm was considered to contain a high-level shedder if at least one sample from that farm had E. coli counts at concentrations of Ն10 3 CFU g Ϫ1 or Ն10 4 CFU g Ϫ1 . This yielded 21 or 13 high-level shedding farms, respectively.
General epidemiology. Fig. 2 is a map of Scotland with the locations of all the farms visited in this study and their status with respect to the presence/absence of E. coli O157. Ninetyone farms were positive for E. coli O157 (18.9%; exact binomial 95% CI, 15.5 to 22.7) (Fig. 2A) . Of the positive farms, there were 14 farms which did not present a complete set of count data. These farms were designated unknown, since they could not be classified, and were excluded from any subsequent analyses. Of the remaining positive farms (n ϭ 77), 21 had a concentration of E. coli of Ն10 3 CFU g Ϫ1 , 13 of which had a concentration of E. coli of Ն10 4 CFU g Ϫ1 (Fig. 2B) .
Risk factor analysis. (i) Associations with virulence factors.
Positive isolates were characterized by determining the phage type (PT) and examining for the presence of genes encoding intimin (eae) or verotoxins (vtx 1 or vtx 2 ). With the exception of phage type, no associations were found between high shedding and these virulence factors. All but one isolate carried the eae gene encoding intimin, 98% carried the vtx 2 verocytotoxin gene, and only one isolate carried neither the vtx 1 gene nor the vtx 2 gene. There was no statistical evidence of association between the presence of verototoxins and high shedding (P Ͼ 0.05). There were 11 different PTs identified in this study. The main PTs identified were 21/28, 32, and 8, which comprised approximately 46%, 19%, and 12% of the samples, respectively. The predominant PTs were examined to determine if there was any association between a specific PT and high shedding. The null hypothesis was that the proportion of PT 21/28 was the same for high-level and low-level shedders. High-level shedders were more likely to be PT 21/28 than low-level shedders (Ն10 3 CFU g Ϫ1 , chi square ϭ 9.37; P ϭ 0.003; exact odds ratio ϭ 2.35; Ն10 4 CFU g Ϫ1 , chi square ϭ 6.56; P ϭ 0.02; exact odds ratio ϭ 2.90) (Fig. 3) . The proportion of PT 32, however, is lower than one might expect from chance alone among high-level shedders compared that among with lowlevel shedders, but only for shedding levels of Ն10 3 CFU g Ϫ1 (Ն10 3 CFU g Ϫ1 , chi square ϭ 11.37; P ϭ 0.001; exact odds ratio ϭ 0.184; Ն10 4 CFU g Ϫ1 , chi square ϭ 2.48; P ϭ 0.133) (Fig. 3) . No other associations were statistically significant.
(ii) Associations with higher farm prevalence. Low et al. (30) determined that the presence of high-level carriage was statistically significantly associated with a higher risk of lowlevel carriage. Figure 4 shows the distribution of prevalence on high-level shedding and low-level shedding farms in this study. The graph shows that a high mean prevalence of low-level carriage occurs more frequently on high-level shedding farms, with the majority of low-level shedding farms having prevalences in the range 0 to 0.1. The associated GLMM model was , F ϭ 7.74; df ϭ 1,69; P ϭ 0.007; odds ratio ϭ 2.74 [1.35 to 5.58]). Thus, the observation of a high-level shedding animal on a farm more than doubled the odds of sampling low-level shedders in the local population.
(iii) Associations with farm management. Univariable analysis resulted in 25 variables remaining for multiple-variable analysis. Final logistic models for the two definitions of highlevel shedders are shown in Table 1 . A maximum of five variables remained in the final models. No interactions were statistically significant (P Ͼ 0.05). The number of positive isolates was the most statistically significant variable and was entered first into both models. Significant risk factors identified in model I (high-level shedder, Ն10 3 CFU g Ϫ1 ) include the observation of a large number of positive isolates, bringing on (BO) female breeding cattle as opposed to BO fattening cattle (protective), calving for fewer than 6 months of the year (number of calving months), and the use of straw for feed. Significant risk factors identified in model II (high-level shedder, Ն10 4 CFU g Ϫ1 ) include the observation of large number of positive isolates and the presence of cows in the sample group. The Hosmer-Lemeshow goodness-of-fit statistics were 3.0146 (P ϭ 0.88) and 2.1729 (P ϭ 0.95) for model I and model II, respectively, providing no evidence of a lack of fit in the selected models (19) .
(iv) Relationship with number of positives. In both model I and model II, the most significant risk factor was the variable "number of positives," defining the number of positive pats identified on the farm. The statistical significance of this variable may reflect an association between the presence of a high-level shedder and higher levels of transmission, or it may be a spurious result, where the observation of a larger sample of positive pats defines a larger pool of samples, any of which might be observed as being from a high-level shedder on a purely random basis. If a constant fraction of positive pats is produced by high-shedding animals, the chance of identifying a high-level shedder will increase with the number of positives isolated. In an attempt to ascertain the true meaning of the observed statistical significance, the GLM model described above was refitted with "number of high-level pats" from "number of positive samples" as the binomial response variable and the same explanatory variables with the exception of the "number of positives" variable, which was excluded. The parameter estimates from this model were used in a predictive model to generate pseudorandom variables, which were summarized as binary responses (absence/presence of high-level pats). Many (10,000) models were fitted to these pseudo-data sets using the same explanatory variables (now including the "number of positives" variable) in order to obtain a distribution of the coefficients for the "number of positives" variable under the null hypothesis that the variable "number of positives" is not directly a risk factor for the presence of high shedders. The coefficients from the original GLM (Table 1) were compared to this distribution. If the original estimated parameter was within the 95% modal zone of the distribution, then the observed "number of positives" regression coefficient was consistent with the effect being purely an artifact of the sample size. However, if the original parameter was in the tails of the simulated distribution, then the significance of the "number of positives" variable was indicative of a direct association between the presence of a high-level shedder and higher transmission. The resulting graphs for the two levels of high-level shedding (Ն10 3 CFU g Ϫ1 and Ն10 4 CFU g Ϫ1 ) are shown in Fig. 5 . The locations of the original regression coefficients for the "number of positives" variable were not within the statistically significant tails of the distributions (two-tailed test, Ն10
3 CFU g Ϫ1 , P ϭ 0.34; Ն10 4 CFU g Ϫ1 , P ϭ 0.15).
DISCUSSION
Recent literature on E. coli O157 has highlighted the importance of the high-level shedder or super shedder as a possible target for control on farms (26, 33) . The concept of a high-level shedder/super shedder/super spreader was highlighted in a recent outbreak of severe acute respiratory syndrome (25) and more generally (10, 26) for situations in which a few individuals were responsible for disproportionate numbers of transmission events. Modeling work by Matthews et al. (33) describing the distribution of E. coli O157 counts suggested that the observed distribution may reflect epidemiologically important betweenanimal variation in shedding levels, where a small proportion of cattle are assumed to have much higher transmission rates than the others. Variable levels of E. coli O157 shedding have been observed in experimental studies (37) , observational studies (45, 30) , and the results of this research. Low et al. (30) observed different subpopulations of animals, defined by the level of shedding of E. coli O157. The mixture distribution analysis performed in this study also suggested that there was more than one population of animals shedding E. coli O157, with the point estimate of high-level shedding located at approximately 3,135 CFU g Ϫ1 feces (low-and high-confidence thresholds, Ն10 3 and Ն10 4 ). It is possible that all shedding reaches high levels at some point in the infection process. However, a recently published longitudinal study found evidence of persistent high shedding (Ͼ10 3 CFU g Ϫ1 ) (45). In VOL. 45, 2007 RISK FACTORS FOR HIGH-LEVEL E. COLI O157 SHEDDERSaddition, experimental work has failed in some instances to produce infections with high levels of shedding (David Gally, personal communication). As such, there is evidence of the existence of animals that shed (and possibly transmit) E. coli O157 at high levels. At present, it is unknown what factors lead to the generation of high-level shedders (e.g., cattle genetics or management, bacterial strain, or gut flora). However, experimental infections have shown that only cattle colonized at the terminal rectum excrete high levels of E. coli O157 in the feces, as opposed to those animals that are simply carrying E. coli O157 but without true colonization of the mucosal epithelium (30, 37) . Understanding such colonization is a crucial step in the development of methods for control. Analyses of risk factors associated with the presence of high-level shedders suggest that the pathogen and the individual host are more influential for transmission than the environment. The proportion of high-level shedders of PT 21/28 was higher than expected by chance, suggesting that this subgroup of E. coli O157 is important. PT 21/28 was the most common phage type identified in this study (46%), and this correlates with Scottish human infection data (58% of Scottish E. coli O157 human infections were identified as PT 21/28 in 2004 (27) . PT 21/28 is of particular concern because of its association with more-severe human morbidity. In the United Kingdom and Ireland (1997 to 2001), the risk of developing diarrhea-associated HUS was significantly higher for children in Scotland infected with PT 21/28 than with other phage types (31) . In Scotland from 1997 to 2001, 61% of HUS cases in individuals less than 16 years old were attributable to infection with PT 21/28. The odds of shedding phage type 21/28 were more than two times higher for high-level shedders than for low-level shedders. An association between higher counts of E. coli O157 and PT 21/28 was supported by a recently published study (15) . Halliday et al. (15) have also identified specific risk factors for the presence of PT 21/28. Although phage type was statistically significant in this study and the study by Halliday et al. (15) , it does not fully determine the observed bacterial count, and its functional significance is unknown. Phage typing is a widely used method for subtyping of E. coli O157 isolates, based upon the reactions of different isolates to a panel of bacteriophages. Sensitivity/resistance to different bacteriophages is a phenotypic expression. It is unknown whether or not differences in phage type reflect genotypic variation. Many factors determine whether a particular phage will lyse a host strain, including physical attributes, such as surface receptors on the organism, and genetic attributes, such as lysogeny with related phages. In Salmonella, for example, the phage type changes in response to possession of particular plasmids and stress, leading to changes in the expression of surface antigens (Derek Brown, Salmonella Reference laboratory, personal communication). In addition, there are differences in the abilities of different phage types to infect/ colonize different hosts. It appears, however, that PT 21/28 may be a marker for some genetic difference or altered expression in E. coli O157, resulting in that particular subgroup being shed from cattle at higher levels. It has been suggested recently that the altered regulation of the type III secretion system in PT 21/28 strains compared to other phage type strains may enable the bacteria to colonize and be excreted at higher levels (6, 38) . It is known that type III secretion is essential for bovine colonization, which in turn increases the likelihood of human infection (46) .
PT 21/28 has been the most common phage type in Scotland since 1996/1997, when it overtook PT2. However, infection with PT 21/28 now appears to be declining in humans (27) and possibly cattle (unpublished data). PT 21/28 has been a particularly successful E. coli O157 subgroup. Analysis of the pulsedfield gel electrophoresis profiles of different PT 21/28 isolates in humans has revealed "recurrent clones" that have persisted since 1994, an indication of the organism's ability to establish a successful relationship with its host, allowing it to persist and propagate. The high prevalence and transmission of PT 21/28 could be associated with the higher propensity to super shedding identified in this study, although they could also be related to persistence outside the host environment.
The statistically significant risk factors identified from the wide range of managerial and environmental factors recorded also indicate the importance of the individual host rather than the environment in high-level shedding. No factor relating to the environment, water, or food was identified as a statistically significant risk factor. Those identified as risk factors related to the type of cattle on a farm (e.g., female breeding cattle) and cattle stress (movement and weaning).
The association between cattle movement and the presence of E. coli O157 is expected. It is known that movements of cattle are critical to the transmission of other infectious livestock diseases, including bovine tuberculosis, bovine spongiform encephalopathy, and foot and mouth disease (12) . There is much evidence in the literature to support the association between the movement of cattle and the risk of E. coli O157 shedding (16, 39, 49, 54) . However, the results of this study suggest that for high-level shedders to be present, it is not cattle movements per se but the type of cattle that are moved. Movement of female breeding cattle was a risk factor in this study, yet the movement of fattening cattle was protective.
Farms with cows, young animals, and concentrated calving periods all appear to be at more risk of observing a high-level shedder. Farms with high-level shedders tended to calve in concentrated periods of 1 to 6 months' duration (81%), generally in March/April, whereas there was a more even distribution of calving among low-level-shedding farms. Spring calving was identified as a strong risk factor in the univariate analysis (P ϭ 0.001). Calves born in the spring are weaned in autumn at the time of housing. From weaning until 12 months of age, calves are believed to be a major risk group for shedding VTEC O157 (18, 39, 43) . Higher prevalences have been detected for calves after weaning (11, 16, 56) . Studies conducted in other countries have reported similar E. coli O157 excretion rates for calves but with higher prevalences for weaned calves than for unweaned calves (11). Others did not find this (4) . It is possible that young animals not only may have a higher prevalence of E. coli O157 (2) but also may shed higher numbers. The increase in prevalence following weaning may be associated with the loss of protective factors present in maternal milk or dietary changes with secondary changes to the gut microflora, as well as increased contact with other calves and, potentially, weaning stress (39) . These arguments, however, do not explain why spring calving should be a particular risk. Previous studies (14) have identified the housing of animals as a risk factor for all levels of E. coli O157 shedding. It is possible that the higher risk of observing high shedders with spring calving arises from the effect of the weaning risk being temporally confounded with the housing risk.
The current interest in the identification of the presence of high-level shedders on a farm arises from the possible link between high-level shedding and higher levels of transmission. Recent modeling work (32, 33) has indicated that data collected from shedding animals is highly consistent with this possibility. Unfortunately, the results of the current study, although suggestive, cannot establish such an association. In the risk factor analysis, the number of positive animals on a farm was the most significant predictor of the presence of a highlevel shedder. In addition, an association was observed between the presence of a high-level shedder and a high proportion of low shedders, similar to that observed by Low et al. (30) . These results are consistent with higher transmission rates for high-level shedding animals but could arise from sampling bias or via the random occurrence of high-level shedders among positive animals whether or not they have higher transmission rates. In an attempt to shed more light on the situation, further statistical analysis was performed. The results suggested that the association between the observation of highlevel shedders and a higher number of positive fecal pats on the farm could be explained as a function of the sample size without requiring any additional assumption of higher transmission rates. Obviously this result does not invalidate the transmission hypothesis, which is itself consistent with an association between numbers of high shedders and numbers of low-shedding animals. Although not statistically significant, the regression coefficient for the original fitted model was in the tail of the estimated null distribution, suggesting that there may be a genuine effect, although we did not have sufficient data to statistically confirm any association. It is possible that such a relationship applies only to PT 21/28 shedding, in which case the inclusion of other phage types in the data would VOL. 45, 2007 RISK FACTORS FOR HIGH-LEVEL E. COLI O157 SHEDDERS 1601 weaken the power of the statistical exercise. Unfortunately, there were insufficient PT 21/28 data to test this theory. In addition, we cannot exclude the hypothesis that there are hidden confounding variables which increase the prevalences of both low shedders and high shedders, perhaps to different extents. However, it is impossible to test such a theory with survey-based data. This paper has identified risk factors for high-level shedders which indicate the importance of the pathogen and individual host rather than the environment. The type of cattle on the farm, especially the presence of young female breeding cattle, was identified as a risk factor for high-level shedding of E. coli O157. In addition, there are significant associations with the strain type. High-level shedders were more likely to be shedding PT 21/28. This research highlights the importance of heterogeneity in the population and the complexity of the problem of elucidating the E. coli O157 problem in Scotland and abroad. It is our hope that these results will help in the development of interventions to reduce or prevent shedding from cattle (and therefore protect human health) and will help generate models that predict the efficacy of such interventions.
